In the field of environmental science, metal oxide nanocomposites have gained a great attention for both theoretical and experimental aspects of their upgradation because of their wide range of practical applications such as catalysts, sensors, hydrogen storages, and optoelectronics. Among all nanocomposites, Copper oxide-zinc oxide (CuO-ZnO) has attracted more research due to their excellent tunable catalytic, electrical, optical, and magnetic properties and environment-friendly nature. Coupling of one metal oxide semiconductor with another metal oxide semiconductor produces an enlarged surface area, which provide more reactive sites, promotes mass transfer, promotes electron transfer, and avoids photocorrosion of nanocomposites, which enhances its efficiency. The CuO-ZnO nanocomposite has been prepared by various methods such as co-precipitation, sol-gel, wet impregnation, and thermal decomposition. Depending on the preparation method and conditions used, different types of CuO-ZnO nanocomposites like Cu-doped ZnO, Cu supported/impregnated on ZnO, and CuO-ZnO mixed oxides with different morphologies of CuO-ZnO nanocomposites have been obtained. This article reviews the synthesis techniques of the CuO-ZnO nanocomposite and its morphology. Various practical applications of the CuOZnO nanocomposites have also been discussed.
Introduction
During the past decade, mixed metal oxide semiconductors have gained a great attention from researchers from various fields such as physics, chemistry, and material science due to their various practical applications such as photocatalyst, sensor, microelectronic circuit fabrication, piezoelectric devices, fuel cell, and solar cell [1] [2] [3] [4] [5] [6] . Metal oxide semiconductors have several interesting properties such as natural p-n characteristics, broad light absorption, fast dynamic response, and better sensitivity of change in humidity. More importantly, tuning of band gap energy by adding two different materials is a great advantage in the field of nanotechnology. Further, production of nanocomposite with controllable shapes, sizes, and surface properties is important for different practical applications. In this context, researchers have shown great interest in copper oxide-zinc oxide (CuO-ZnO) mixed semiconductors among all other feasible p-n type mixed semiconductors such as TiO 2 · NiO [2] , CuO · SnO 2 [4] , SnO 2 · NiO [5] , and CuO · TiO 2 [7, 8] . Zn oxide (ZnO) and CuO are n-and p-type semiconductors, respectively, with a band gap of 3.37 eV and 1.2 eV. Their conductivities are in the range 10 −7 -10 −3 S/cm for ZnO and 10 −4 S/cm for CuO [9] [10] [11] [12] [13] . Various researchers like Nakamura et al. [14] , Ushio et al. [15] , Baek and Tuller [16] , etc., have synthesized CuO-ZnO heterojunctions and shown their opportunity in various environmental field. Further, several researchers have prepared CuO-ZnO nanocomposites using techniques such as thermal decomposition [1] , co-precipitation [17] , chemical vapor deposition [18] , sol-gel and wetimpregnation methods [19, 20] , complex-directed hybridization, and heating brass in air [21] . Literature shows that in comparison to its individual component (pure ZnO or CuO), CuO-ZnO nanocomposites exhibit better results in various practical fields [1, 17, [22] [23] [24] [25] . For example, Saravanam et al. [1] and Li and Wang [17] showed a better photocatalytic performance of CuO-ZnO nanocomposites than its individual component (pure CuO or ZnO). Zhao et al. [22] and Wang et al. [23] showed a better gas-sensing ability of Cu-doped ZnO nanocomposites than pure ZnO. Karunakaran and Manikandan [24] showed the nanocomposite as a better supercapacitor than pure CuO.
In this context, there are reviews present in the literature in the field of nanocomposites [26] [27] [28] [29] [30] , whereas reviews on metal nanocomposites, specifically Cu dopant ZnO nanocomposites, have not been reported yet. The aim of this article is to help researchers that are involved in the field of metal nanocomposites by compiling the data on various synthesis methods, morphology of CuO-ZnO nanocomposites, and importantly its various applications in the field of catalyst, solar cell, sensor, and optoelectronics devices.
Synthesis of CuO-ZnO nanocomposite
It is essential to differentiate between Cu-doped ZnO, Cu supported/impregnated on ZnO, and CuO-ZnO mixed oxides. In the literature, depending upon the size of the catalysts, they are also referred to as CuO-ZnO nanocomposites. Cu-doped ZnO is the catalysts in which the atoms of Cu get inserted to take the place of Zn in the crystal lattice of the ZnO. In this type of catalyst, XRD analysis only gives the peaks of ZnO; however, crystal parameters get altered because of the Cu doping. EDX and other elemental analysis techniques give the presence of Cu. It may be noted that in the Cu-doped ZnO, atomic (at.) % of Cu is very less. Zhao et al. [22] has reported that the Cudoped ZnO nanofibers prepared by electrospinning technology can have a maximum of 6 at.%. Tiwari et al. [31] prepared Cu-doped 5 at.% ZnO (Zn 0. 95 Cu 0.05 O) films grown on c-plane sapphire substrates prepared by pulsed laser deposition technique. Liu et al. [32] reported that a second phase appears when the Cu-doping concentration in ZnO is greater than 5 at.%. At higher Cu at.%, peaks corresponding to Cu phases start to appear in the XRD spectra. Similarly, in Raman spectroscopy of Cu-doped ZnO, the intensity of the E 1L mode (related to oxygen vacancy and Zn interstitial defects in ZnO) increases when compared with the corresponding peak in pure ZnO [22, 33] . A broad band at 540-670 cm −1 in the Raman spectra of Cu-doped ZnO indicates intrinsic lattice defects and often arises by the doping [34] . Also, the E 2H mode of Cu-doped ZnO nanofibers gets shifted to a higher frequency because of the distortion of the lattice and the defects due to doping of Cu in the ZnO lattice [35, 36] .
Cu supported/impregnated on ZnO has higher Cu at.% and can be prepared by a number of methods such as impregnation, sol-gel, co-precipitation, deposition-precipitation, etc. In the "incipient wetness" or "dry" impregnation method, ZnO suspension is treated with a solution of Cu such that the pore volume of ZnO is greater than that of the Cu precursor solution. In the "wet", "soaking", or "diffusion" impregnation, an excess of Cu precursor solution with respect to the pore volume of the support is used. In the sol-gel method, Cu supported on ZnO can be prepared from a homogeneous solution of Zn salts in combination with Cu salts to precipitate the mixed hydroxide, which can be subsequently calcined to obtain the catalysts. After loading of Cu, the resulting material is activated by heating or in combination with other treatments to convert Cu to a more active state. The XRD spectra in the Cu-supported catalysts show presence of both CuO and ZnO phases.
In the mixed oxide, the at.% of Cu and Zn are similar. Again, the phases of both CuO and ZnO are observed in the XRD analysis. In addition to CuO and ZnO, the mixed oxides contain some compounds that have both Cu and Zn elements. In the following section, recent progress in synthesizing high-quality CuO-ZnO composites are discussed.
Co-precipitation method
Li and Wang [17] prepared hierarchical three-dimensional (3D) morphology CuO-ZnO nanocomposites by a simple one-step homogeneous co-precipitation method. A solution of Zn chloride (ZnCl 2 ) and Cu sulfate (CuSO 4 · 5H 2 O) was kept within a sealed bottle for 24 h at 80°C. The precipitate was centrifuged and dried to obtain a final powder product. The nanocomposite was composed of flowerlike ZnO microstructures adorned with leaf-like CuO nanopatches. In a similar manner, Das and Srivastava [37] also prepared hierarchical 3D morphology CuO-ZnO nanocomposites where Cu (II) chloride and Zn sulfate were used as precursors, and other experimental conditions were kept similar. The results showed the nanocomposite as a mixture of flower-shaped ZnO (with a diameter of about 1-2 μm) and leaf-shaped CuO (Figure 1 ). Gajendiran and Rajendran [13] fabricated aggregated spherical morphology CuO-ZnO nanocomposites in the size range of 10-35 nm using a co-precipitation method. Zn acetate dehydrate and Cu acetate dehydrate were used as precursors. Three different kinds of solvents such as water, water/ monohydric alcohol (ethanol), and water/dihydric alcohol (ethane-1,2-diol) were used for experimental purposes. It has been shown that using a different solvent, the system viscosity and surface tension could be changed, which, in turn, could control the nucleation, crystal orientation, crystal size, and crystal growth. Bagabas et al. [38] synthesized CuO-doped ZnO nanocomposites using cyclohexalamine by the co-precipitation method. For experimental purposes a different percentage of CuO was loaded with the ZnO nanoparticle. Liu et al. [39] prepared spherical nanocomposites by coordination oxidation homogeneous co-precipitation method where pure Cu metal and ZnO were used as precursors.
Chemical vapor deposition
Simon et al. [18] fabricated 1D ~400-nm-long nanorodshaped CuO-ZnO nanocomposites on Si(100) substrates in two steps. First, the plasma-enhanced chemical vapor deposition (PE-CVD) method was used for the depositing ZnO nanorod (NR) arrays on silicon substrate. Thereafter, CuO was dispersed over ZnO followed by thermal treatment in air. Experiments were carried out for various CuO loadings (variation of RF power) on ZnO nanorods to analyze the effect on the performance of hydrogen production rate.
Sol-gel method
Different researchers have prepared CuO-ZnO nanocomposites by the sol-gel technique using different precursors. Vijayakumar et al. [19] prepared cylindrical CuO-ZnO nanofibers with a diameter (d) ~50-100 nm by the sol-gel method as shown in Figure 2 . A clear viscous solution of poly(vinyl alcohol)/Zn acetate/Cu acetate composite sol was prepared by adding a precursor into deionized water. Subsequently, the electrospinning method was used to prepare the final CuO-ZnO nanocomposite using the above-prepared composite sol solution. To obtain the final product, the resultant PVA/Zn acetate/Cu acetate composite fibers were calcined at 600°C in air. Haque et al. [40] 
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Thermal decomposition method
Saravanan et al. [1] synthesized CuO-ZnO nanocomposites of different weight ratios by a simple cost-effective thermal decomposition method. Ground Zn acetate dehydrate and Cu acetate mixture were annealed at 350°C for 3 h to obtain the CuO-ZnO nanocomposite. The percentages of Cu acetate were varied to produce different wt% CuO-loaded ZnO nanocomposites. CuO-ZnO was in a rod-shaped morphology with a diameter of ~35 nm. The lengths (L) of the nanorods varied from 50-500 nm by varying the wt% of the CuO loading.
The complex-directed hybridization
Yang et al. [21] prepared CuO-ZnO hybrid nanostructures by complex-directed hybridization and subsequent calcination method. A solution of Zn acetate was mixed with Cu nitrate solution under vigorous stirring at a particular temperature and kept for 10 min. Further, the solution was heated under reflux for another 50 min at the same temperature. Finally, the dried products were annealed at 350°C for 2.5 h.
Directly heating brass in air
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Thermal oxidation
Zhao et al. [49] prepared CuO-ZnO nanocomposites by the thermal oxidation method. Two pure Cu and Zn sheets were closely packed together and kept in a resistively heated furnace at 500°C for 4 h to obtain p-CuO and n-ZnO nanowires on the surfaces of two sheets. The heterojunctions were formed between the p-CuO and n-ZnO nanowire interfaces ( Figure 
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Other methods
There are several other techniques that have also been reported in literature for the synthesis of CuO-ZnO nanocomposites. For example, Sheini et al. [61] prepared Cu · ZnO nanocomposite films by the cathodic electrodeposition method. Experiments were performed within a conventional three-electrode electro-chemical cell using Zn chloride, Cu chloride, and hydrogen peroxide solution as an electrolyte. A polycrystalline Zn foil, a platinum sheet, and a saturated calomel electrode were used as working, counter, and reference electrodes, respectively. Wang et al. [62] synthesized CuO (tetrapod) · ZnO (whisker) nanocomposites using a simple photo-deposition method. Using the equilibrium gas-controlling method, ZnO nanoparticles were prepared where metallic Zn was used as the main raw material. Prepared ZnO was mixed with a solution of Cu nitrate and PEG water under stirring. Subsequently, sodium hydroxide was added to the solution and irradiated by UV light (254 nm) under stirring at 50°C for 4 h. Precipitate was collected and dried under a vacuum oven at 50°C for 8 h. Xia et al. [63] prepared cluster-like nano/micro CuO-ZnO particles (~200-300 nm) on a brass surface using a dielectric barrier discharge reactor. Soejima et al. [64] synthesized CuO nanoflower/ZnO nanorod composite arrays using a very easy alkaline vapor oxidation method as shown in Figure 4 . A brass plate was immersed in an aqueous NH 3 solution for various time durations in a drying oven at 80°C. Das and Srivastava [65] prepared spherical CuO-ZnO nanocomposites by the electrochemical method where aqueous succinic acid was used as an electrolyte solution. Cu and Zn electrodes were used as anodes, whereas only the Zn electrode was used as a cathode. Several other researchers like Wang and Lin [11] , Buchholz and Chang [66] , Jacob et al. [67] , Minami et al. [68] , and Jiang et al. [69] also prepared CuO-ZnO nanocomposites by a two-step solution process, pulsedlaser ablation, solid state metathesis technique, and electro deposition method, respectively.
Influence of CuO introduction in the ZnO nanostructures on various properties
The final structure of the material greatly depends on the synthesis methods. For the same composition of Cu and Zn in the composite, the method of preparation has tremendous effect on the structure as well as on the properties. The CuO-ZnO nanocomposites are of different shapes such as spherical, cylindrical, rod shaped, nanowires, flowerlike, nanofilms, nanoflakes, etc. The morphology, structure, and properties of the CuO-ZnO nanocomposites have been found to vary with the composition. The ZnO particles generally possess a polycrystalline hexagonal wurtzite structure. The Cu-supported ZnO nano particles show minor peaks assigned to the CuO monoclinic phase. The XRD peaks shift slightly toward lower values indicating that the Cu atoms have replaced the Zn atoms in the Cu-doped ZnO. Literature shows that only samples with Cu content lower than 15% are one-phase wurtzite-like Cu x Zn 1-x O, while those with higher Cu content include a tenorite-like oxide (Zn x Cu 1-x O) phase [70, 71] . Cu atoms replace Zn in the hexagonal lattice, and/or Cu segregate to the noncrystalline region in the grain boundary [72] . In the Cu-doped ZnO samples, the Fourier-transform infrared spectroscopy (FTIR) shows the absorption band near 620 cm −1 , which is related to the vibration of the Cu-O bond [73] . Lighter metal (like Mg)-doped ZnO shows a shift in the stretching bond position of Zn-O toward the higher wave numbers [74] . However, Zn and Cu have similar masses (63.5 amu for Cu and 65.4 amu for Zn). Therefore, this shift is not recognizable in Cu-doped particles [71] .
The dopant (Cu) incorporation into ZnO decreases its band gap. This is due to the fact that the 3d orbital of the Cu atom is much shallow than the 3d orbital of Zn. Therefore, strong coupling occurs between the d orbital of the Cu atom and the p orbital of the O atom, which narrows the direct band gap. Also, the Cu 3d orbital creates impurity bands above the ZnO valance band, which further helps in decreasing the band gap [71, 75] . Pure and doped ZnO nanofluids showed good antibacterial activity, which increases with Cu doping [71] .
The Cu oxidative state plays an important role in different applications. Therefore, the determination of the Cu valence in a CuO-ZnO composite is very important. The possible ionic states of Cu as a dopant are Cu + and Cu
2+
, and their corresponding ionic radii are 96 pm and 72 pm, respectively [36, 76] . The ionic radius of Zn 2+ in the hexagonal wurtzite ZnO is 74 pm. During the synthesis of Cu-doped ZnO, the dopant Cu has the possibilities of substituting Zn ions in the lattice site or may occupy the interstitial position and form impurity phases [42] . The shift in the (101) plane's XRD peak to the higher angle side usually arises by the substitution of the Zn ions with the dopant ion of the lower ionic radius, i.e. by Cu 2+ instead of Cu + . This shift is usually very low because of the similar ionic radii values of Zn 2+ and Cu 2+ [77] . This substitution also causes reduction in lattice parameters and shrinkage in the unit [23, 42, 62, 78] .
Surface doping of ZnO with Cu and the valence of Cu in the CuO-ZnO nanocomposites can be studied using X-ray photoelectron spectroscopy (XPS). The XPS spectra of Cu-doped ZnO show peaks at ~930 and ~950 eV corresponding to the atomic term symbols 2P 3/2 and 2P 1/2 of Cu 2+ [69] . The chemical shifts observed are consistent with Cu−O binding. If spectral shoulders are observed at ~940 and 960 eV, it means that Cu exists in a mixed valence state [79] . Hence, on the ZnO surface, Cu exists as nonstoichiometric cupric oxide (Cu 1+δO ) [67, 79, 80] . Experimental determination of the magnetic moment can also help in determining the valence of Cu in the CuO-ZnO nanocomposite. An outer cell electronic configuration of Cu atoms in the unionized state is 3d [31, 81] . If the experimentally determined magnetic moment is similar to the theoretical magnetic moment value for Cu 2+ ions, it shows a presence of Cu ion in the predominant Cu 2+ state [31] . Thus, the experimentally determined magnetic moment of the CuO-ZnO nanocomposites gives an insight into the possible valence of Cu ions in the material.
Various applications of CuO-ZnO nanocomposites
Photocatalytic degradation of pollutant
Several researchers have utilized CuO-ZnO nanocomposites for the photocatalytic degradation of different dyes, for example, the methylene orange dye degradation efficiency (η) of ~88-93% within 120 min of UV irradiation [1, 61] . Ang et al. [47] reported a methyl orange degradation efficiency of ~90% after 90 min under UV irradiation as shown in Table 1 . Chang et al. [55] showed a 100% degradation efficiency within 40 min under UV irradiation. Liu et al. [32] reported a degradation efficiency of methyl orange (~90%) with variation in the calcination temperature of nanocomposites. Zhang et al. [59] showed that, compared to commercially available TiO 2 or pure ZnO nanoparticle, CuO-ZnO hollow spherical nanocomposites display a better photocatalytic efficiency ~98% for methylene blue degradation within 60 min of UV irradiation. Saravanan et al. [1] , Muzakki et al. [44] and Das and Srivastava [37] reported ~97%, 94%, and ~100% methylene blue dye degradation efficiency at 120, 120, and 30 min of UV irradiation, respectively. Sathishkumar et al. [20] reported a photocatalytic activity of CuO-ZnO nanocomposites to be two times more than bare ZnO for acid red 88 degradation. Jung and Yong [82] showed an effective degradation efficiency of CuO-ZnO nanocomposites formed on a stainless steel substrate for the acid orange 7 dye. Li and Wang [17] showed that a comparative results of photocatalytic degradation efficiency by pure ZnO, CuO, and CuO-ZnO nanocomposites were 37%, 56%, and ~100%, respectively, for rhodamine B dye under simulated sunlight at 2 h. Liu et al. [84] reported an ~90% photocalatytic degradation efficiency of rhodamine B at 2 h under UV irradiation. Yang et al. [21] reported an ~38% rhodamine B degradation efficiency within 330 min under UV irradiation. Jacob et al. [67] showed an improved photocatalytic degradation efficiency of both anodic dye and cathodic dye using nanocomposites. Bagabas et al. [38] revealed that the CuO-ZnO nanocomposite could photocatalytically degrade cyanide. The results show that with an increase in CuO dopant from 1 to 4 wt%, the degradation efficiency increased from 56% to 97%. Overall, the above-mentioned results illustrate a better degradation efficiency of a nanocomposite than its individual components. The probable reason behind the enhanced photocatalytic activity of a nanocomposite is because of the structural effects such as a large specific surface area and a porous structure of ZnO, which enhance the mass transfer and diffusivity of the dye molecules and oxygen species. Furthermore, under photo irradiation, the nanocomposite work as a p-n junction, which reduces the recombination rate and aid in the split-up of electron hole pairs, and consequently, active hydroxyl radicals get produced in higher quantities [28] .
Gas sensor
Pure ZnO is a very good gas sensor device, but the working temperature of ZnO is higher than other gas-sensing materials such as SnO 2 [85] [86] [87] . The reactive surface of a semiconductor material plays an important role in the catalytic oxidation of a gas molecule, which indirectly detects gases. Researchers have tried to solve the abovementioned problem by incorporating CuO within ZnO, and it was shown that the CuO-ZnO nanocomposite could be a very good gas sensor. For example, Yang et al. [21] used the synthesized CuO-ZnO hybrids as a p-type sensor in response to reducing gases such as acetone, ethanol, and xylene. The response of the CuO-ZnO sensor was maximum for acetone, ~2.8, and the response of other gases such as ethanol, xylene, methanol, 4-cyclohexene, 4-toluene, benzene, and cyclohexane was 2.5, 2.4, 2.4, 2.1, 1.7, 1.3, and 1.3, respectively, for 200 ppm of the sample at 240°C. Wang et al. [23] analyzed the gas-sensing capability of the nanocomposite for carbon monoxide gas, and the response was found to be 7.6 at 300°C for 300 ppm CO. Kim et al. [57] reported an enhanced H 2 S gas-sensing capability of the nanocomposite at a sensing temperature ≤500°C than the pure ZnO nanorod. The sensing response was 890 for 50 ppm H 2 S. Xu et al. [60] also showed the application of the CuO-ZnO nanocomposite as a good H 2 S gas (10 ppm) sensor. Furthermore, Xia et al. [63] showed the application of the nanocomposite for cataluminescence sensing (CL intensity counting ~400) of acetic acid. Gomez-Pozos et al. [41] showed the nanocomposite application as a propane gas sensor, for 500 ppm at 300°C working temperature. Huang et al. [87] showed an improved gas-sensing capability of the nanocomposite than for pure ZnO for a volatile organic compound. The response of ZnO (320°C) and the CuO-ZnO (220°C) sensor for 100 ppm ethanol, formaldehyde, and hydrogen sulfide was found to be 25.5, 28.9, and 25; and 22, 12, and 5, respectively. Overall, the results show that the gas-sensing response of the nanocomposite is much higher that of pure ZnO. The above result is due to the 3D hierarchical morphology of the CuO-ZnO morphology, which provides large active sites (large surface to volume ratio) with higher porosity, which enhances the catalytic reaction, gas diffusion, and mass transportation in gas-sensing materials.
Solar cell
Few researchers showed the application of the CuO-ZnO nanocomposite as a solar cell. Kidowaki et al. [88] , Jeong et al. [48] , Minami et al. [68] , and Hsueh et al. [89] showed that the conversion efficiency of the nanocomposite solar cell was 1.1 × 10 −4 %, 0.41%, 1.52% and 0.1%, respectively. All other photovoltaic properties are listed in Table 2 . 
Hydrogen generation
Several researchers showed the application of CuO-ZnO in the field of hydrogen (H 2 ) gas generation. For example, Liu et al. [83] showed the photocatalytic hydrogen production by the nanocomposite in the mixture of methanol and water. Hydrogen generation rate was 1700 μmol/h per g of CuO-ZnO catalyst, which is better than many other semiconductor oxide catalysts [90] [91] [92] [93] . Simon et al. [18] showed the application of CuO-ZnO for photocatalytic hydrogen (production rate was 2 μmol/h · cm 2 of the CuO-ZnO catalyst). Kargar et al. [50] also investigated the applicability of the nanocomposite for clean solar hydrogen generation at a large scale. The possible reason of better hydrogen production rate was due to the enlarged specific surface area, which provides more reaction sites, promote mass transfer, promote electron transfer from ZnO to CuO, reduce the recombination of electrons and holes, avoids photocorrosion of ZnO, and good sedimentation ability.
Humidity sensor
Baek and Tuller [16] prepared a CuO-ZnO heterojunction plate for the humidity sensor, which is very expensive. Further researchers have prepared several CuO-ZnO humidity sensors: Zainelabdin et al. [56] showed a sensitivity factor value of ~6045 for the CuO-ZnO nanocomposite, which is higher than its individual component [94] [95] [96] [97] . Also, it showed a response and recovery time of 6 s and 7 s, respectively. Ashok et al. [53] used the CuO-ZnO nanocomposite as a humidity sensor, and the result shows better sensing properties with increasing temperature from 500°C to 600°C. Yoo et al. [96] and Qi et al. [97] also showed the application of the nanocomposite as a good humidity sensor. Also, with increasing temperature, the porosity of the nanocomposite increased, which enhanced the sensitivity value. An increase in the sensitivity is associated with a decrease in resistance or increases in electrical conduction, which is due to the attachment of cations of the heterojunction nanocomposite with the hydroxyl group of the adsorbed water.
Optoelectronic and magnetic storage devices
Vijayalakshmi and Karthick [51] , Vijayakumar et al. [19] , Udayabhaskar and Karthikeyan [42] , and Gajendiran and Rajendran [13] showed that the CuO-ZnO nanocomposite has excellent optical and PL emission properties, which reveals its usability for optoelectronic devices. Better PL emission properties illustrated its better crystallinity and lesser intrinsic defect properties, which are excellent phenomena for optoelectronic devices. Optical transmittance is another important phenomenon for optoelectronic devices. Literature reveals that the transmittance of a nanocomposite (~86%) is higher than its individual component (~76%), which is due to the enhanced crystallinity and structural homogeneity of the nanocomposite. Incorporation of CuO within ZnO diminishes the scattering effect and point defect within ZnO. Gajendiran and Rajendran [13] , Zaoui et al. [12] , and Buchholz and Chang [66] , Chakrabarti et al. [98] , and Tiwari et al. [31] studied its magnetic behavior, and the result revealed that the hysteresis loop exhibited room temperature ferromagnetic behavior and homogeneous distribution of the magnetic dopant. Intrinsically, nonmagnetic dopants were incorporated within the semiconductor to avoid the problem of magnetic precipitate, as the precipitate of these dopants do not precipitate in ferromagnetism. The literature shows that as Cu is a nonferromagnetic metal, thus, the composite made of Cu would show an intrinsic ferromagnetism property; although it is a controversial topic, further detailed studies need to be done for the magnetic device made of CuO-ZnO nanocomoposites.
Other applications
A few other important environmental applications of the CuO-ZnO nanocomposite has also been reported. For example, Zhou et al. [46] prepared porous CuO-ZnO hierarchical nanocomposite (HNC) nonenzymatic glucose electrodes as a glucose sensor. Liu et al. [70] showed that the nanocomposite had better antibacterial activity than its individual component due to the synergic effect of the nanocomposite.
All the CuO-ZnO nanocomposite synthesis techniques, material used, morphology, and their various applications are summarized and listed in Table 3 .
Summary and outlook
Zn oxide, an n-type semiconductor with a band gap of 3.37 eV, has gained more attention in the field of nanoscience and technology because of its unique properties and potential applications. ZnO has been synthesized and modified by various techniques to improve its various properties, and the nanocomposite was made by doping with various nanomaterials like noble metals, metal oxide, and some complex oxides. Among all Cu-doped Zn oxide, the nanocomposites attained more attention because of its higher efficiency as a catalyst, sensor, solar cell, and optoelectronic device. This article gives an overview of the Cu-doped ZnO nanocomposite synthesis and its various applications in the different practical fields. Various applications of the nanocomposite in the field of photocatalytic toxic dye degradation, optoelectronic and magnetic storage devices, gas sensor, solar cell, hydrogen generation, glucose sensor, and humidity sensor were also demonstrated. Taking advantage of the various facts such as an enlarge surface area due to the heterogeneous structure, which gives more reactive sites, promote mass transfer, promote electron transfer from ZnO to CuO, and avoid photocorrosion of nanocomposite shows its better performance than its individual component.
The improved knowledge on surface chemistry, methods of morphological modifications, and progress in the colloidal synthesis has helped in the CuO-ZnO nanocomposite preparation. The cooperative effects between CuO and ZnO have helped in exploring a variety of new applications ranging from the water treatment to the semiconductor applications. Despite the significant progress, challenges exist in the application on an industrial scale. CuO-ZnO-based materials have been used for various applications in the research stage; however, more research is required to extend their application range from a commercial point of view. Practical applications of the CuO-ZnO nanocomposites are limited and are considered as a future perspective only. High-end applications of these nanocomposites will still require a lot of research to understand the interaction between the two oxides for applications in various fields: sensor, photocatalysis, semiconductor, and so on. Homogenous dispersion of one material into another requires a lot of further research. The properties of the CuO-ZnO nanocomposites are highly structure/size and ratio dependent. Still, further studies are required to provide better insights of the CuO-ZnO structure-property relationship. The important issues that need more attention are dispersion, size, porosity, rate of synthesis, and cost effectiveness. Overall, the processing-structure-property maps need to be developed. The engineering aspects of the CuO-ZnO nanocomposite manufacturing also need to be studied in detail. Also, performance indices may be developed vis-à-vis specified applications for composites made using different methods. Mass fabrication of the well-defined morphology of the CuO-ZnO nanocomposite with tunable function still remains to be a challenge for industrial purposes. 
